Josephson junctions containing ferromagnetic materials have attracted intense interest both because of their unusual physical properties and because they have potential application for cryogenic memory. There are two ways to store information in such a junction: either in the amplitude of the critical current or in the ground-state phase difference across the junction; the latter is the topic of this paper. We have recently demonstrated two different ways to achieve phase control in such junctions: the first uses junctions containing two magnetic layers in a "pseudo spin valve" configuration, while the second uses junctions containing three magnetic layers with non-collinear magnetizations. The demonstration devices, however, have not yet been optimized for use in a large-scale cryogenic memory array. In this paper we outline some of the issues that must be considered to perform such an optimization, and we provide a speculative "phase-diagram" for the nickel-permalloy spin-valve system showing which combinations of ferromagnetic layer thicknesses should produce useful devices.
INTRODUCTION
Josephson junctions containing ferromagnetic materials have been under intense study by several groups since the pioneering work of the Ryazanov and Aprili groups nearly 20 years ago.
1, 2 Those two papers were the first to report observation of ferromagnetic "π-junctions", which had first been predicted 20 years earlier.
3, 4
A conventional Josephson junction has a current-phase relation of the form I s = I c sin(φ), where I s is the supercurrent, I c is the critical current (the maximum current that can flow through the junction with no voltage drop), and φ is the difference between the phases of the superconducting condensates in the electrodes on either side of the junction. Such a junction has a minimum energy when φ = 0. In contrast, π-junctions have an inverted current phase relation, I s = I c sin(φ + π) = −I c sin(φ), and minimum energy when φ = π. Such π-junctions are interesting in their own right, and have also attracted interest due to their potential use as circuit elements in both "single-flux-quantum" superconducting circuits and in superconducting quantum computing circuits.
In this paper we focus on one particular circuit application, namely cryogenic memory. Proposals for cryogenic memory date back at least to the 1970's when IBM was trying to develop a superconducting computer.
5
Progress on cryogenic memory continued in Japan after the IBM program was canceled, 6 then the field received renewed energy with the development of "single-flux-quantum" (SFQ) logic at Moscow State University in the late 1980's. 7 By the mid-1990s the Japanese had demonstrated a fully-functional 4 kbit memory array with integrated drivers to enable memory access by an SFQ processor. 8 Further progress in SFQ logic and memory has waxed and waned over the years according to the availability of government funding. The early hopes that superconducting computers would beat semiconductor-based computers in speed and performance were largely dashed by the spectacular advances in the performance of CMOS-based systems over the past three decades. Recently, however, there is renewed interest in superconducting computing due to the immense amount of electrical power being used nowadays by large-scale computing systems and data centers. That interest has been fueled by the development of several new forms of SFQ logic that are much more energy-efficient than the original formulation. [9] [10] [11] [12] [13] Given these recent developments, some observers believe that a superconducting computer, while not necessarily out-performing semiconductor-based computers in terms of speed, could function at comparable speeds while consuming much less power.
Success in developing superconducting computing requires the development of new forms of cryogenic memory. The standard way to make memory compatible with SFQ circuits involves storing a quantum of magnetic flux, Φ 0 = h/2e = 2.0 × 10 −15 T-m 2 , with a circulating current in a superconducting loop. Since typical values of Josephson junction critical currents in SFQ circuits are of order I c ≈ 100µA, the inductance of the storage loop must be of the order of 20 pH.
16 To achieve such an inductance with a planar loop requires the loop diameter to be larger than about 10 µm. In other words, a memory based solely on SFQ technology is not scalable to high density.
There have been several proposals to use ferromagnetic materials as the memory-containing element in a superconducting memory. These can be roughly separated into two categories: 1) those that use the magnetic field produced by a nanomagnet to modulate the critical current of a nearby superconducting device such as a nanowire, Josephson junction, or SQUID; 16, 17 and 2) those that use the exchange field of the nanomagnet either to modulate the properties of a nearby superconducting element via the proximity effect, 18 or to modulate the properties of a Josephson junction containing the nanomagnet. 19 A generic feature of the first category of proposals is that the magnitude of the effect gets weaker as the device size shrinks. To illustrate that, consider proposals to modulate the properties of a Josephson junction with a nearby magnetic field, via the "Fraunhofer effect." Such modulation requires introducing a quantum of magnetic flux, Φ 0 = h/2e, into the junction. The relevant area over which the field induces flux is typically equal to twice the London penetration depth times the junction dimension in the direction perpendicular to the magnetic field. As that dimension shrinks, the required field magnitude grows. Schemes that use the exchange field do not suffer from that drawback. Those can be further divided into proposals to control the critical temperature of a superconducting wire, or proposals to control the supercurrent and/or phase properties of a Josephson junction. The former suffer from the drawback that the sample temperature must be maintained in a very narrow range close to the critical temperature of the device. 20 In contrast, memory schemes involving Josephson junctions usually work at a convenient fixed temperature such as 4.2 K. In this paper we will consider only this last sub-category of devices.
PHYSICS OF FERROMAGNETIC JOSEPHSON JUNCTIONS
The physics of Josephson junctions containing ferromagnetic materials has been reviewed several times.
21-23
The basic idea can be summarized as follows: a Cooper pair in one of the superconducting (S) electrodes enters the ferromagnetic layer (F). Assuming that S is a conventional superconductor with spin-singlet pairs, the two electrons cannot enter the same spin band in F. Instead, one electron enters the majority band with momentum + k ↑ F , while the other enters the minority band with momentum − k ↓ F . The pair thereby gains a momentum,
, or equivalently, the pair correlation function oscillates in space with wavevector Q. 24 If the F-layer thickness is such that the pair correlation function is negative when it reaches the second S electrode, then the Josephson coupling between the two S electrodes will be negative, leading to a π-junction. If a series of samples is fabricated with a range of F-layer thicknesses d F , the critical current, I c , is observed to oscillate in magnitude as a function of d F . Direct measurements of the current-phase relation verify that junctions with d F in the appropriate range are in fact π-junctions.
25
While Josephson π-junctions with a single F layer may be useful in their own right, the situation gets much more interesting if the properties of a single junction can be changed in-situ. This can be achieved if the junction contains more than one F layer. [26] [27] [28] In particular, it was predicted by Golubov et al. in 2002 that a junction containing two magnetic layers could be switched between the 0 and π states by changing the mutual orientation of the F layers from parallel to antiparallel. 28 A couple of years later, Bell et al. suggested that such a "spinvalve" junction could be used as a memory device. 19 Workers at Northrop Grumman Corporation (NGC) seized upon this idea and developed a memory architecture that enables read and write addressing for a large-scale memory array. 29 The NGC scientists call their architecture JMRAM, for "Josephson magnetic random access memory." Our own work on cryogenic memory has largely focused on the development of JMRAM. We note that, in principle, either the amplitude of I c or the ground-state phase of the junction can be used as the fundamental memory storage mode. In practice, however, there are advantages to using the phase. 30 If the amplitude of I c is the quantity of interest, then the readout mechanism will necessarily require switching the ferromagnetic junction into the voltage state when it is in the state with lower I c . But Josephson junctions containing multiple F layers tend to have small values of I c R N -the product of critical current times normal-state resistance. Hence the voltage signal generated by the junction switching into the voltage state will be small, and the switching time will be long, t switch ≈ /(2eI c R N ). Instead, one can use the phase of the junction for memory storage by placing the ferromagnetic junction in a SQUID loop, along with two conventional superconductor-insulatorsuperconductor (SIS) junctions that have critical currents smaller than that of the ferromagnetic junction.
31
When the ferromagnetic junction is in the zero state, the critical current of the SQUID is equal to the sum of the two SIS junction critical currents. When the ferromagnetic junction is in the π-state, the critical current of the SQUID is equal to the difference between the two SIS critical currents. In this scheme the ferromagnetic junction acts as a passive phase shifter, and always remains in the zero-voltage state. Readout of the SQUID critical current involves switching of one of the SIS junctions, which have large values of the I c R N product.
Before discussing the details of the spin-valve Josephson junctions, we mention that there is another type of ferromagnetic Josephson junction that allows phase control. Junctions containing three F layers with noncollinear magnetizations between adjacent F layers can carry spin-triplet supercurrent. Such junctions have generated widespread interest partly because spin-triplet supercurrents can be spin polarized, leading to the tantalizing possibility of a new field of "superconducting spintronics." 32, 33 We recently demonstrated that spintriplet junctions can exhibit in-situ phase control, by changing the orientation of one of the three F layers while keeping the other two fixed. 34 Many of the considerations regarding optimization of spin-valve junctions for cryogenic memory also apply to spin-triplet junctions. Due to the presence of a third layer, however, the latter have additional constraints. In this paper we will focus on spin-valve junctions.
OPTIMIZATION OF SPIN-VALVE JUNCTIONS FOR CRYOGENIC MEMORY
We reported the demonstration of a controllable 0-π spin-valve Josephson junction in 2016, 35 and demonstration of a JMRAM unit cell containing such a junction was reported by NGC earlier this year. 31 Although both of those works used junctions containing a Ni "fixed layer" and a permalloy (NiFe) "free layer," the physical specifications of the junctions used in the two works were quite different. In our work, 35 the Ni and NiFe thicknesses were 1.2 nm and 1.0 nm, respectively, whereas in the NGC work, 31 the two thicknesses were 3.0 nm and 1.6 nm, respectively. In addition, our junctions had lateral dimensions of approximately 0.5µm×1.25µm, whereas the NGC junctions had lateral dimensions of about 1.0µm×2.0µm. Several questions naturally arise regarding how these choices were made and whether they are optimal in any sense.
Optimizing the performance of JMRAM involves two completely separate sets of specifications for the magnetic and superconducting properties, respectively. Regarding the magnetic properties, we want the fixed magnetic layer in the junction to have a high switching field, and preferably to be monodomain to minimize the appearance of stray field at domain walls, which might have deleterious effects on the behavior of the free layer. In contrast, we want the free magnetic layer to have as low a switching field as possible, with very little sample-to-sample variation, while also being monodomain. Regarding the superconducting properties, the main consideration is that the critical current of the Josephson junction be large enough so that the junction always stays in the supercurrent state during the read operation acting on the cell. In practice, that means that the critical current should be significantly larger than about 100 µA, which is a typical critical current for the SIS junctions in the memory cell SQUID loop. There are several design choices that affect either the magnetic or superconducting properties of ferromagnetic Josephson junctions, or both. In this paper we discuss four: 1) choice of ferromagnetic materials and nonmagnetic spacers; 2) smoothness of the underlying superconducting electrode; 3) lateral dimensions of the junctions; and 4) thicknesses of the ferromagnetic materials. One choice that has remained fixed in current research is the choice of superconducting material. Essentially all of the modern work on cryogenic memory uses Nb as the superconductor, for several reasons. Bulk Nb has a critical temperature of 9.1 K, allowing operation of Nb-based circuits at the liquid helium boiling temperature of 4.2 K. Josephson junctions made from the standard Nb-Al-Al 2 O 3 -Nb trilayer process have excellent and highly reproducible characteristics. Nb-based superconducting circuits, including the Josephson junctions, are also extremely robust to thermal cycling. For those and other reasons, Nb is the material of choice of nearly every group working in the area of superconducting electronics.
One disadvantage of working with Nb is that sputtered Nb films grow with a "rice-grain texture" that gets rougher with increasing film thickness. Growing thin magnetic films on top of a rough Nb base layer generally leads to poor magnetic properties. Our group has partially alleviated that problem by following an old recipe that uses an Al/Nb multilayer in place of the pure Nb bottom electrode. 36, 37 We have found that magnetic films grown on the multilayer have better magnetic properties than similar films grown on thick Nb. Other groups have reached similar conclusions using other methods of planarization, such as oxidation and ion milling 38 or deposition of an Al/Cu seed bilayer between the Nb and the ferromagnetic layer. 39 This issue is an area of ongoing research.
The number of different ferromagnetic materials that have been studied inside Josephson junctions so far is only about a dozen, but the number continues to grow. These include "weak" ferromagnetic alloys such as CuNi, 1 PdNi, 2 or PdFe, 40, 41 as well as "strong" ferromagnetic elements and alloys such as Ni, 42, 43 Fe, 44 Co, 44 NiFe, 44, 45 NiFeNb, 46 NiFeMo, 47 and NiFeCo. 45 These materials differ in a number of respects, both with respect to their magnetic properties and their superconducting properties. Furthermore, the magnetic properties of most of these materials are not strictly intrinsic, but depend also on the environment in which they are placed (e.g. substrate smoothness) and on their thickness. For example, permalloy (Ni 80 Fe 20 ) is a well-known and often-used soft magnetic material, with extremely low magnetocrystalline anisotropy and magnetostriction in the bulk at room temperature. The coercive field H c of a permalloy film several tens of nm thick can be or order 0.1 Oe. A permalloy film only 1 nm thick, in contrast, may have a coercive field of 1 Oe at room temperature, increasing to a few Oe at low temperature. Furthermore, if a similar film is grown on a rough underlayer, H c increases significantly. We note that the mechanism of magnetization reversal in a continuous thin film is very different from the reversal process in a small patterned magnetic "bit", if the bit is single-domain. In the former, the reversal typically occurs by domain wall motion, whereas in the latter the reversal occurs by coherence rotation of the magnetization, also called "Stoner-Wohlfarth" switching. Hence the value of H c in a film is typically determined by the extent of domain wall pinning by defects, while the switching field of a nanomagnet in the ideal case is determined by the shape anisotropy of the bit. In practice, however, the nanomagnet switching field will vary from bit to bit due to uncontrolled extrinsic factors such as defects or roughness. For example, we have found that the switching distribution for a large array of permalloy bits moves to higher average field and broadens when the permalloy is grown on thick Nb (100 nm) compared to when it is grown on a very thin Nb (5 nm). 48 Since the extrinsic factors that broaden the switching distribution of bit arrays also tend to increase H c and broaden the switching transition of continuous films (i.e. reduce the "squareness" of the transition), efforts to minimize H c in continuous films should help in reducing the width of the switching distribution in nanomagnet arrays.
Returning to the list of ferromagnetic materials studied in Josephson junctions, let us consider the advantages and disadvantages of using "weak" vs "strong" ferromagnetic materials. There are two obvious advantages of using weak ferromagnetic materials. From the magnetic side, Stoner-Wohlfarth theory predicts that the switching field of a single-domain nanomagnet is proportional to its magnetization, and the switching energy is proportional to the square of the magnetization. Hence lower magnetization should mean lower switching field. In practice, however, one achieves the Stoner-Wohlfarth value of the switching field in a nanomagnet only if extrinsic sources of anisotropy are minimized. From the superconducting side, the characteristic length scale ξ F over which junctions oscillate between being 0-junctions and π-junctions as the F-layer thickness changes is very short in strong ferromagnetic materials. In the ballistic transport regime,
was discussed earlier, and the approximate equality comes from an oversimplified parabolic band model of the F material with Fermi velocity v F . In the diffusive transport regime,
, where D is the diffusion constant. In strong ferromagnetic materials such as Fe or Co, E ex is of order 1 eV and ξ F is typically less than 1 nm. 44 With such a short length scale governing the junction properties, those properties may fluctuate if the average F-layer thickness varies by even a fraction of an atomic monolayer. Weak F materials typically have much larger values of ξ F , so it is easier to control the sample thicknesses and sample-to-sample variations in junction properties are generally smaller. 45, 49 Given these two strong advantages, why haven't weak F materials dominated the landscape of research into cryogenic memory? One reason is that some weak F materials severely depress the critical current when they are inserted into Josephson junctions. This issue was apparent already in the early work of the Ryazanov group on the Cu 1−x Ni x alloy, where they found a steep decrease in I c as a function of increasing CuNi thickness. 49 More recently, Baek et al. 46 have shown that a Nb-doped permalloy with low magnetization has excellent magnetic switching properties at low temperature. We also looked into doping permalloy with molybdenum to lower its magnetization. Unfortunately, we have found that both Nb-doped and Mo-doped permalloy severely suppress the critical current in Josephson junctions. 47 That alloy has an extremely low Curie temperature of about 10 K, and low coercive field. Detailed analysis of the Fraunhofer pattern of a 4-µm square junction shows, however, that the magnetization switching takes place over a broad field range starting near 0 field and ending at about 30 Oe. Our own work on small junctions containing PdFe with 3% Fe also shows that the magnetization switching is not abrupt, but rather occurs over a range of fields ending somewhere between 20 and 30 Oe. 41 Of more concern is that the hysteresis curve is reproducible only if the applied field exceeds about 50 Oe. It is still too early to know if PdFe will be a useful material for the free layer in a spin-valve Josephson junction.
After the preceding discussion, it may come as a surprise that the best experimental results on junction control have come from Josephson junctions containing Ni as the fixed layer and permalloy as the free layerboth of those strong ferromagnetic materials. The choice of permalloy is somewhat obvious given its excellent switching properties at low field. The choice of Ni is largely due to its excellent supercurrent-carrying capacity. S/F/S Josephson junctions containing Ni exhibit values of I c R N in the π state of order 100 µV or possibly larger.
52 That should be compared with S/F/S junctions containing permalloy or Cu 47 Ni 53 alloy, which exhibit maximum I c R N values in the π state of about 15 µV or 1 µV, respectively. 45, 49 Furthermore, theoretical fits to I c vs d N i data indicate that Ni is in the ballistic (clean) limit rather than the diffusive (dirty) limit, hence I c decays only algebraically with increasing d N i , rather than exponentially. 52 The drawback of using Ni is that its magnetic properties are not ideal. The good news is that the Ni coercivity is high, but the bad news is that the Ni nanomagnets in the current generation of devices are probably not monodomain. Switching of a 2.0-nm thick Ni layer in an elliptical Josephson junction with lateral dimensions 0.5µm × 1.25µm takes place over an extended field range of about 400-1000 Oe. 53 The best results on S/F/S junctions containing only Ni were obtained after initializing the Ni with a field of 3500 or 4000 Oe. 52 As long as subsequent applied field are kept below 100 Oe or so, the Ni magnetization stays nearly constant. The successful demonstrations of controllable 0-π switching and JMRAM unit cell performance have been carried out using a similarly high initialization field, with subsequent switching fields never exceeding 100 Oe.
The above discussion immediately brings up another issue, namely junction size. Surely if the junctions were made small enough, the Ni nanomagnets would be single-domain, and might have more reliable magnetic properties. The main drawback to reducing junction size is that I c scales with size. As discussed earlier, in the current generation of devices I c of the ferromagnetic junction is determined by the I c values of the SIS junctions, which are in the range of 100µV. Unless we find a way to increase the critical current density, J c = I c /area, we cannot decrease the lateral dimensions much. A second issue with decreasing junction size is that the magnetostatic interaction between the fixed and free magnetic layers increases in relative importance as size decreases. The magnetostatic interaction favors the antiparallel magnetic state over the parallel state. That issue could be overcome by applying a constant "bias" field in the direction of the fixed layer magnetization, but one would prefer to avoid the presence of large-scale magnetic fields near superconducting circuits.
TENTATIVE "PHASE DIAGRAM" FOR NI/NIFE SPIN-VALVE JOSEPHSON JUNCTIONS
At last we come to the main topic of this paper, namely how to choose the thicknesses of the ferromagnetic layers to ensure that the parallel and antiparallel magnetic states correspond to different phase states of the junction, i.e. either the π and 0 phase states or vice versa. This is the issue where it would seem that theoretical calculations would be most beneficial. The problem is that the actual devices used by the experimental groups are much more complicated than even the most sophisticated theoretical models put forward to date. One feature of the current generation of devices that challenges theoretical modeling is the mix of Ni and permalloy. The behavior of Ni in a Josephson junction by itself is described well by a theoretical formula valid in the ballistic limit. 52 The behavior of permalloy in a junction by itself is described by a theoretical formula valid in the diffusive limit. 45 Baek et al. 52 have shown that, when a strongly-scattering layer is added to a Josephson junction containing Ni, the position of the 0-π transition shifts to a larger Ni thickness, even if that additional scattering layer is non-magnetic. While that shift is not fully understood, it may arise primarily due to a change in the transport properties of the junction from predominantly ballistic to predominantly diffusive. This hypothesis is based on the following argument: in a ballistic SFS Josephson junction with no potential barriers at the interfaces, the first 0-π transition occurs at d F /ξ F ≈ π/4. 3 In a diffusive junction with no potential barriers, the first the first 0-π transition occurs at d F /ξ F ≈ 3π/4, where now we are referring to the diffusive form of ξ F . 4 Hence it is plausible that simply changing the electronic transport regime inside the junction from ballistic to diffusive could account for the shift observed by Baek et al. Alternatively, it is known that adding potential barriers at interfaces may also shift the position of the 0-π transition, 54, 55 so this issue is by no means resolved.
In any case, there is no published theoretical formula that can account for all the complexities of the spinvalve junctions used in the experiments. In particular, the mismatch of Fermi surface properties at the various interfaces inside the junctions is an issue that demands a detailed microscopic calculation. In order to make progress, we utilize the formulas derived by Crouzy, Tollis, and Ivanov, 56 which predict the critical currents in both the P and AP magnetic states for junctions containing two F layers, in the diffusive limit:
Using those formulas, the appearance of a π state is manifested by a negative critical current. In the left side of Figure 1 we plot a theoretical "phase diagram" of 0 and π states for both the P and AP magnetic states. This figure is very similar to Figure 2 in the paper by Crouzy et al., 56 except that the value of ξ F may be different for the two magnetic materials. In Figure 1 , the dark yellow lines with negative slope indicate transitions between 0 and π states for the P magnetic state, with the state in the lower left-hand corner being the 0 state. The blue lines with positive slope indicate transitions between 0 and π states for the AP magnetic state. Each box in Figure 1 is labeled with the phase states of a junction in the P state and AP state. Useful devices are located in boxes where the two phase states are different, i.e. either "0-π" or "π-0".
The lines in the left side of Figure 1 have simple interpretations. In the P state, the junction behaves as though it contains only a single F layer with total reduced thickess d F 1 /ξ F 1 + d F 2 /ξ F 2 . In the diffusive limit, such a junction has 0-π transitions whenever the reduced thickness is equal to (n + 3/4)π, with n a non-negative integer. Thus the yellow lines can be reproduced by the simple equation:
In the AP state, the situation is more complicated. Far from the axes, the junction behaves as though the phase accumulation of an electron pair is equal to the difference between the phase accumulation in each F layer. The extra phase shift of π/4 from each layer cancels, hence the straight parts of the blue lines can be reproduced by:
That simple formula fails, however, when the thickness of one of the layers approaches zero. In that limit we know that the 0-π phase boundary depends only on the thickness of the other layer, and it occurs when the reduced layer thickness is 3π/4 rather than π/2. Hence the blue lines curve near the axes to accommodate the appearance of the extra π/4 phase shift. Now we consider all the data published to date that shed light on the phase behavior of spin-valve Josephson junctions containing a Ni fixed layer and a NiFe free layer. Three entries in the Table below represent phasesensitive measurements from a substantial range. Those measurements were not phase-sensitive; nevertheless, they indicated at what NiFe thicknesses the critical current passed through zero in both the P and AP states, which we interpret as phase boundaries between 0 and π states. It then requires at least one phase-sensitive measurement to nail down which region of the phase diagram corresponds to functional devices where the P and AP states correspond to different phase states. The work by Madden et al. 57 confirmed the interpretation in Ref. 53 that junctions with NiFe thicknesses in the range given in the table do indeed correspond to functional devices. The last two lines of the table contain unpublished results from NGC. With a NiFe thickness of 1.2 nm, NGC workers observed phase control with Ni thicknesses of both 2.0 and 2.5 nm. When the NiFe thickness was increased to 1.5 nm, however, they did not observe any phase change between the P and AP magnetic states. From the amplitudes of the critical current in the P and AP states, the NGC group guessed that all four types of samples lay close to a phase boundary. Figure 1 . Each of the three red stars corresponds to one of the published phase-sensitive measurements. The vertical lines correspond to the amplitude measurements. The blue symbols represent the unpublished data from NGC -triangles for successes and crosses for failures. We now attempt to place lines on the right side of Figure 1 following roughly the scheme indicated in the theoretical picture on the left side. Three types of information are used to guide us. First, each red star or blue triangle must be placed inside a region corresponding to functional devices, while the blue crosses should lie in a region where the P and AP states have the same phase. Second, the ends of the vertical lines should lie close to phase boundaries. Third, we have additional information regarding the behavior of the lines near the axes, from junctions containing only a single F layer. In junctions containing only Ni, Baek et al. showed that the junctions exhibit 0-π transitions at Ni thicknesses of approximately 0.8 and 3.3 nm, which correspond well to the theoretical formula for the ballistic limit. 58 When diffusing layers are added to those junctions, however, the 0-π transition thicknesses change to about 1.4 and 3.7 nm. We therefore expect that the phase-boundary lines should intersect the horizontal axis representing Ni thickness at approximately 1.4 and 3.7 nm. In junctions containing only NiFe, Glick et al. 45 showed that junctions exhibit 0-π transitions at NiFe thicknesses of approximately 1.7 and 3.5 nm, so we expect the phase-boundary lines to intersect the vertical axis at approximately those values. If we now sit down with pencil and paper and try to draw straight phase boundary lines that meet all of these requirements, we quickly realize that it is impossible. So we have relaxed the criteria somewhat and come up with the lines shown in the figure. These lines satisfy the first criterion (stars and triangles appear only in viable regions, crosses do not), they approximately satisfy the second criterion (end of vertical lines lie close to phase boundaries), but they violate somewhat the third criterion (lines meet the axes at the known single-junction phase boundary points). The astute reader will notice that the vertical axis does not start at zero, but rather at 0.5 nm. That was done to aid in making the experimental phase diagram on the right side of Figure 1 look similar to the theoretical diagram on the left side, and might be justified by claiming that NiFe has a magnetically "dead" layer that does not contribute to the electron pair phase shift in Josephson junctions. We have no proof of that statement; but trying to draw approximate phase boundary lines in Figure 1 while starting the vertical axis at zero proved impossible. Needless to say, if we allowed the phase boundary lines to curve, then it would become much easier to satisfy all the simultaneous constraints. We have refrained from doing that at this time, given the paucity of available data to fully constrain the curves.
We present this phase diagram not as a definitive statement, but more as a guide for future research. For example, we have determined that the magnetic properties of Ni tend to improve with increasing thickness. Starting with the Ni thickness of 2.0 nm studied in Ref. 57 , it would be tempting to increase the thickness slightly, say to 2.4 nm, to see if the magnetic behavior improves. According to the phase diagram, however, such a move would be quite disappointing, as there would be a vanishingly small range of NiFe thicknesses that produce viable devices at that Ni thickness. A similar argument could be made against using a NiFe thickness of 2.0 nm, although we note that there is much more uncertainty about the phase boundary locations along that axis.
CONCLUSIONS
The development of a large-scale superconducting memory is still in its infancy. This paper has only discussed one particular form of such memory, the Josephson magnetic random access memory based on phase-controllable ferromagnetic Josephson junctions. 31 In addition to giving a snapshot of where that technology stands at the moment, we have provided a speculative phase diagram of useful devices for a particular choice of magnetic materials, namely Ni and NiFe. The diagram is based on a theory that is known to be incomplete; our hope is that such a diagram will be useful both to guide experimentalists and to spur the development of more realistic theories that could explain all of the experimental data in a rigorous way.
